Introduction
towards a structure-function study of YKC1. Mutations of functional consequence were isolated from randomly Patch-clamp recordings of the Saccharomyces cerevisiae mutagenized alleles of YKC1 by their ability to block plasma membrane reveal an outwardly rectifying K ϩ growth. These alleles were expected to result from loss current (Gustin et al., 1986; Bertl et al., 1993) , a stretch of regulatory function, such as gating or ionic filtration, activated current (Gustin et al., 1988) and a less prominent since deletion of YKC1 does not affect proliferation under inward K ϩ current conducted through a K ϩ transporter standard conditions. The advantage of this non-targeted (Bertl et al., 1995) . The gene encoding the outwardly strategy over standard targeted mutagenesis is that it does rectifying K ϩ channel, YKC1 (also known as TOK1, not require nor make a priori assumptions about either DUK1 and YORK), was identified from the yeast genomic the physiological relevance of channel functions or the sequence (Miosga et al., 1994) by virtue of its conserved location of the mutational target. These mutants have P regions (Ketchum et al., 1995; Zhou et al., 1995;  Lesage furthered our understanding of C 1 and C 2 . In the light of et al., 1996; Reid et al., 1996) . Deletion of YKC1 results localizations of the gating function in V and CNG channels in complete elimination of the outwardly rectifying plasma (Gordon and Zagotta, 1995) , our results appear to indicate membrane K ϩ current (Zhou et al., 1995; Reid et al., 1996) . that the PP region may be part of a conserved gating Ykc1 has two P regions embedded in a predicted structure of V and CNG channels. topology of M1-M2-M3-M4-M5-P1-M6-M7-P2-M8. The first M1-M6 topology is reminiscent of many voltage-or cyclic nucleotide-gated (V or CNG) channels, including selected for the presence of the plasmid while repressing mutagenized YKC1. The resultant colonies were replica plated onto a similar medium with glucose replaced by galactose (SG), which induced expression of mutagenized YKC1 in plasmids. Replica that failed to grow on the SG plate were isolated from the SD plate. These galactosesensitive strains were further plated onto SG containing uracil to test whether the cells which spontaneously lost their plasmids and hence the mutated YKC1 gene (~1% per division under non-selective conditions; Ausubel et al., 1993) could grow. Figure 1B (right) shows that the galactose-sensitive phenotype was indeed plasmid encoded.
From~40 000 colonies screened, 14 were isolated containing plasmids that stop growth in galactose ( Figure  1B , three mutants shown). Those causing slower growth were not included in this report. The plasmids were recovered from these strains and these YKC1 alleles were named YKC1-xxx where the first x indicates which of the four mutagenized plasmid pools they came from to delineate mutational independence. The YKC1 ORFs from two of these plasmids were also subcloned into identical but unmutagenized vectors from which they also conferred the galactose-sensitive phenotype to transformed yeast, verifying that this phenotype was caused by mutations in the YKC1 ORFs and not those occurring elsewhere in the plasmid. Six of these 14 alleles were chosen at random from the four pools for further analysis. of YKC1 but allowed cells which had spontaneously lost their plasmids to proliferate (galactose ϩ uracil). As can be seen, the and F409F nucleotide mutations. The repeated T322I and mutant YKC1 caused galactose sensitivity, which was a S330F alleles arose from independent mutagenic events, plasmid-dependent phenotype since it occurred only when cells were since they were isolated from separately mutagenized concomitantly required to maintain their plasmids. plasmid pools, indicating that at most only a few other hydroxylamine-mutable sites would elicit such a phenotype. The clustering of the mutations is striking, since stream of the galactose-inducible GAL1 promoter. No Ykc1 current could be detected in the plasma membrane they all occur at the cytoplasmic ends of the membrane spanning domains following either P loop, M6 or M8, of a YKC1 deletion yeast strain (αku8) alone nor in this strain bearing plasmid pGALYKC1 (αku8[pGALYKC1]) termed the 'PP' (post-P loop) region ( Figure 2A ). All six mutations occurred within a 10 amino acid window cultured in glucose. Ykc1 current increases to levels several fold higher than its native expression when this downstream of the aligned P loop, sequences ( Figure 2B ). Ykc1 comprises 691 residues. Even if the size of this strain is cultured in the presence of galactose.
Growth blocking mutations all occurred at the
To screen for YKC1 mutations which cause deleterious window is doubled to 20 amino acids (solid bordered box in Figure 2B ), the chance of six independent mutations channel activities, four pools of pGALYKC1 plasmids were mutagenized with hydroxylamine (HA) and transrandomly appearing in such a window by chance alone is Ͻ1 in 1 000 000. Thus, CT→AG transitions that comformed separately into αku8 yeast cells ( Figure 1A ) (note that HA, though commonly used, primarily induces pletely block proliferation on SG appear to exclusively occur in the PP regions. CG→TA transitions and this limits the range of mutations available; see Discussion). Such a strategy guarantees that mutant plasmids isolated from separate pools have resulted
PP mutations do not affect the O or C 2 state
The channel activities of the wild-type and all three mutant from independent mutagenic events. Note that the plasmids and not the yeast cells were mutagenized in vitro and the alleles, YKC1-101 (V456I), YKC1-301 (T322I) and YKC1-402 (S330F), were analyzed. I-V plots show that the chromosomal copy of YKC1 in αku8 had been deleted. These transformed cells were plated onto synthetic glucose steady-state ensemble currents of both wild-type and the mutants, all of which were well expressed in oocytes, medium (SD) lacking uracil (Sherman, 1991) , which Non-silent mutations occurred in only three residues. The multiple instances of T322I and S330F were due to independent mutagenic events since they were isolated separately from the original mutagenesis reactions. (A) These mutations cluster in a common topological region, the intracellular junction of the membrane spanning domains immediately following either P loop, a region we called 'PP' for post-P loop. (B) The P1 M6 and P2 M8 regions are aligned and marked. The PP regions, defined as an area of 20 residues surrounding the growth blocking mutations, are marked with solid edged boxes. Identical residues are shaded. Note that the T322I and the V456I mutations are precisely equidistant from the P loops.
rectify outwardly with no substantial inward currents at any potential (Figure 3 ). Raising external K ϩ 5-fold from 20 (open symbols) to 100 mM (closed symbols) causes an~40 mV rightward shift in the threshold of activation of outward currents in both the wild-type and the mutants, Introduction) demonstrates that C 2 remains largely intact For both wild-type and the mutants there was no significant inward in the PP mutants. Using recording techniques designed current and the current activation threshold was near the predicted E K .
to detect sub-millisecond transitions (see Materials and
Currents were recorded from oocytes 3-5 days after injection with methods), the time dependence of the 'instantaneous'~50 ng synthetic mRNA. Bath solutions contained 5 mM HEPES, pH 7.5, 1 mM MgCl 2 , 1 mM CaCl 2 and either 100 or 20 mM KCl and activation from C 2 can in fact be seen (Figure 4A, top;  80 mM NaCl. Traces were neither leak subtracted nor compensated for note that the entire trace is only 1 ms here). This C 2 →O capacitance. All calibration bars 10 μAϫ100 ms. activation occurs notably more slowly than the time it takes for V m to equilibrate to the command potential ( Figure 4A , bottom), ruling out that this time dependence mutant types (data not shown). The apparent unitary slope conductance calculated from single channel excised is an artifact of the time dependence of charging the oocyte. When the capacitive component of the outward patches was 22.0 Ϯ 1.9 pS for Ykc1-101, similar to the 20.3 Ϯ 2.5 pS for Ykc1 ϩ (mean Ϯ SD, n ϭ 3). Note that current is subtracted, this activation from C 2 can be seen to have a rate upon depolarization to ϩ80 mV of~100 μs these conductances are probably underestimates of the true open channel conductance, due to the flickery open ( Figure 4B ). Activation from C 2 of Ykc1-101 ( Figure 4C ) appears similar to that of the wild-type. Thus, this PP channel behavior of Ykc1 (Bertl et al., 1993 ). mutation does not significantly affect the rapid transition from C 2 to O.
PP mutations decrease residence in and alter activation from the C 1 states
The PP mutations also had no substantial effect on the outward conducting properties of O. Substitution of Fitting the delayed activation from the C 1 states (see Introduction) of the wild-type required three rate constants cytoplasmic K ϩ with either Na ϩ or NH 4 ϩ abolished outward currents in inside-out patches of both YKC1 ϩ -of 14.9 Ϯ 2.9, 71.8 Ϯ 9.0 and 275 Ϯ 13 ms when depolarized from -80 to ϩ80 mV at 23°C in 100 mM K ϩ and YKC1-101-expressing oocytes ( Figure 5 ), indicating that Ykc1-101 maintained the wild-type selectivity for (n ϭ 6 separate oocytes) ( Figure 6A , individual rate components illustrated by dotted traces at the bottom of K ϩ . Similar results were obtained with the other two PP Fig. 5 . PP mutant channels maintain ionic selectivity. Ionic selectivities were determined by perfusing bath solutions containing the stated cations over the cytoplasmic face of inside-out patches from oocytes expressing either multiple wild-type or Ykc1-101 channels. Outward currents were observed in both cases only when K ϩ , but not Na ϩ or NH4 ϩ , was present on the cytoplasmic side. Currents were recorded at a V m of ϩ50 mV. The higher current level of the Ykc1-101 trace results from higher expression levels. Bath (cytoplasmic) solutions contained 140 mM chloride salt of the stated addition of the -120, -110 and -100 mV traces to the ϩ80, ϩ70 and
The remnant of the mutant Ykc1-101 delayed current ϩ60 traces respectively in (A). Wild-type Ykc1 was activated from C 2 at a rate of~100 μs. (C) Capacitance-subtracted C 2 →O activation of activation can be fitted to two exponentials of 33.8 Ϯ Ykc1-101-expressing oocytes shows that this activation is not affected 11.4 and 111 Ϯ 20 ms when depolarized from -80 to by this PP mutation. All currents were recorded from oocytes 3 days ϩ80 mV in 100 mM K ϩ at 23°C (n ϭ 5 separate oocytes, after injection with~100 ng YKC1 RNA to induce high current illustrated as dotted lines in Figure 6A , YKC1-101). Thus, expression. Electrical recording techniques are described in Materials and methods.
all three wild-type delayed C 1 states activations were altered by the single V456I mutation, indicating the structural relatedness of the individual C 1 states. That the the YKC1 ϩ plot). Thus, C 1 is actually a set of closed states. Entry into the C 1 states is favored by negative rapid C 2 →O transition was unaffected by this same mutation ( Figure 4 ) in contrast demonstrates the physical voltage ( Figure 6B ). Comparing the distribution of channels in the C 1 states in 100 mM K ϩ ( Figure 6B, d) with distinction between C 2 and C 1 . The mutants lack of delayed activation from the C 1 that in 20 mM K ϩ ( Figure 6D, s) , it can be seen that high external K ϩ also favors residence in C 1 . The 31 mV states is clearly seen at the single channel level as well ( Figure 7 ). Latency analysis on single channel patches negative shift of the Boltzmann distribution between C 1 and C 2 caused by decreasing external K ϩ from 100 to demonstrated a lack residence in the delayed C 1 states in the mutant. When patches containing single wild-type 20 mM is close to the -38 mV shift such a lowering of K ϩ would be predicted to have on E K , suggesting that Ykc1 channels were depolarized from -80 mV, there was a characteristic lag of tens to hundreds of milliseconds distribution between C 1 and C 2 is determined, at least in part, by Δμ Kϩ (a further examination of the wild-type C 1 -before the channel opened (Figure 7 , *). This same degree of latency was not seen when the patch was stepped from C 2 distribution will be presented in Loukin et al., in preparation) .
ϩ40 mV (Figure 7 , top right), demonstrating that this latency was due to a transition from the C 1 states. When In contrast to activation from rapidly activating C 2 , residence in and activation from the delayed C 1 states stepped from -80 mV, Ykc1-101 channels did not show such a latency (Figure 7 , bottom). Thus, activation from were notably affected by the PP mutations. The PP mutations caused a Ͼ50 mV negative shift in the holding the delayed C 1 states in the wild-type, as well as its absence in the PP mutants, can be observed at the single potential at which Ykc1 starts to significantly dwell in C 1 (Figure 6 B and D) . Whereas wild-type Ykc1 exclusively channel level. Both wild-type and Ykc1-101 single channels rapidly resides in C 1 at -100 mV in 100 mM K ϩ ( Figure 6B, d) , extrapolation of the Boltzmann fits of C 1 residence versus flicker, which may be due to rapid C 2 ↔O transitions at positive potentials. Visual inspection discerned little holding potential showed that Ͻ55% of Ykc1-101 and Ykc-402 and Ͻ32% of Ykc1-301 channels maximally difference in this flicker between wild-type and mutant channels. It is also notable that the mutant channels closed reside in the delayed C 1 states even at highly negative voltages ( Figure 6B ). In 20 mM K ϩ Ͻ32% of Ykc1-101 for up to 200 ms at positive potentials, possibly reflecting an inactivating state of Ykc1 unrelated to the C 1 states. and Ykc-402 and Ͻ10% of Ykc1-301 channels maximally Fig. 6 . PP mutations severely affect residence in and activation from the C 1 closed states. (A) Current activations upon stepping to ϩ80 mV from holding potentials between -100 and ϩ20 mV at 10 mV intervals were recorded from whole oocytes expressing wild-type (d), Ykc1-101 (j), Ykc1-301 (m) and Ykc1-402 (.) in 100 mM bath K ϩ . Three exponential components were required to adequately fit the current activation from -80 to ϩ80 mV of the Ykc1 ϩ current, whereas only two such components were required for Ykc1-101 current activation (dotted lines show extrapolated contributions from individual activations to scale). Thus delayed activation of Ykc1 occurs from three distinct C 1 states; the single V456I mutation of Ykc1-101 alters all three. (B) The fraction of steady-state current which was activated with delayed kinetics is plotted as a function of holding potential. Lines are Boltzmann fits of the raw data (symbols). V 1/2 (curve midpoint), k (slope factor) and A (maximum amplitude) of the Boltzmann fits were -19.8 mV, 21.5% and 102.3% for wild-type, -79.7 mV, 18.8% and 54.7% for YKC1-101, -95.3 mV, 20.1% and 36.3% for YKC1-301 and -72.7 mV, 20.1% and 52.8% for YKC1-402. Thus, a negative extrapolation of these fits indicates that while wild-type channels reside exclusively in C 1 at sufficiently negative voltages, the maximal extent to which Ykc1-101 and Ykc1-402 dwelt in C 1 was Ͻ55% and for Ykc1-301 was 32%. (C and D) Similar to (A) and (B) except that the bath contained 20 mM instead of 100 mM K ϩ . The parameters for the Boltzmann fits in (D) were -51.0 mV, 22.3% and 100.0% for wild-type, -104.8 mV, 19.0% and 31.8% for YKC1-101, -93.3 mV, 12.22% and 8.3% for YKC1-301 and -92.7 mV, 16.9% and 32.9% for YKC1-402. Symbols are: wild-type, s; Ykc1-101, u; Ykc1-301, n; Ykc1-402, ,. The 0 time and steady-state current levels for (B) and (D) were determined from curve fits of the raw data (A and B) extrapolated to 0 and ϱ time respectively. Recording solutions and oocyte preparation were as described in Figure 1A . The stated holding potentials were held for at least 20 s prior to depolarization to ϩ80 mV. Calibration bars 10 μAϫ100 ms.
Attempts were made to quantify residence in these closed states, but were thwarted by channel run-down over the course of the extended depolarization of excised patches.
PP mutations slow entry into the C 1 states
In addition to activation, entry into the delayed C 1 states was also examined. Twenty percent of the outward current resulted from activation from the delayed C 1 states when YKC1 ϩ -expressing oocytes were stepped from 0 to ϩ80 mV (100 mM bath K ϩ ) ( Figure 8A , uppermost trace of YKC1 ϩ traces; Figure 8B , d, t ϭ 0). Inward currents were not observed during a brief intervening step from 0 to -100 mV, yet still only 20% of the outward current was activated with delayed kinetics upon depolarization if the dwell at -100 mV was brief. Thus Ykc1 first enters C 2 , not the delayed C 1 states, initially upon polarization to -100 mV. If the length of the -100 mV conditioning pulse was increased, an increasing fraction of the current 
8B, d).
Pipette (external) solutions contained 14 mM KCl, 126 mM NaCl.
A similar voltage protocol was applied to oocytes Both solutions also contained 1 mM CaCl 2 , 1 mM MgCl 2 and 5 mM HEPES, pH 7.2. Calibration bar 10 pAϫ250 ms.
expressing Ykc1-101 channels ( Figure 8A, YKC1-101 ).
single property, delayed C 1 states gating, were isolated under the conditions and criteria used in this study. By repeatedly and exclusively isolating mutations in the PP region, we have shown that this region plays a particularly important role in Ykc1 gating. By showing that other channel properties, such as ionic filtration and the C 2 -O distribution, remain largely unaffected, we have shown that C 1 gating is determined, at least in part, by a domain of Ykc1 which is discrete from those which determine these other functions. Lastly, we may have uncovered evidence for a conserved gating function for the PP region among V and CNG cation channels.
PP mutations affect Ykc1 gating
At membrane potentials below E K , YKC1 dwells either in C 2 , from which it can be activated near instantaneously, or C 1 , from which it is activated slowly. We have found that rapid activation from C 2 to O is not a typical gating transition and thus we refer to C 2 and O as 'forms' of a single O/C 2 state (the wild-type C 2 properties are beyond the focus of the PP mutant analysis presented here and will be considered in a separate report; Loukin et al., in preparation). The O/C 2 state remained intact in the PP mutants. Unitary conductance and ionic selectivity were unaffected ( Figure 5 ). The activation rate from the rapid C 2 form was similar to that of the wild-type (Figure 4) . The delayed C 1 states, in contrast, were substantially affected by the PP mutations. Far fewer mutant channels dwelt in the delayed C 1 states at potentials below E K than did wild-type channels, which remain in the rapid C 2 It is unlikely that the reduced distribution in the C 2 as in Figure 6B , is plotted as a function of dwell time at the -100 mV state is due to a defect in a sensor. The distribution conditioning pulse. Wild-type channels migrated from the C 2 to the between C 1 and C 2 at holding potentials below E K (where slowly activating C 1 states at an initial rate at least eight times faster than Ykc1-101 channels (inset to B). Recording conditions and no channels are in the conducting O form) appears to be calculations were as described in Figure 6 6B with D). Δμ Kϩ also determines the steady-state rectification of Ykc1 (Figure 3 ). This rectification remains intact in the mutants and thus these mutants clearly have Unlike the wild-type, only a minority of the mutant channels dwelt in the delayed C 1 states at steady-state at a normally functioning 'Δμ Kϩ sensor' per se. A defective sensor causing the PP mutant phenotype would imply the -100 mV. Because of this, the initial rate of C 2 →C 1 transition was determined, so that any reverse C 1 →C 2 existence of an additional Δμ Kϩ sensor. Having two independent Δμ Kϩ sensors within Ykc1 seems inordinately transition of the mutant could be ignored. The inset of Figure 8B shows that the C 2 →C 1 transition of the mutant complex and we prefer a much simpler model in which residence in the C 1 states is a result of prolonged, channel was initially eight times slower than that of the wild-type. Thus, the Ykc1-101 PP mutation dramatically uninterrupted residence in C 2 (the relationship between the wild-type C 1 and O/C 2 states will be discussed in slows the transition from C 2 to the delayed C 1 states upon hyperpolarization. detail elsewhere; Loukin et al., in preparation) The remaining possibility, destabilization of the delayed C 1 states relative to the C 2 /O state, is the most attractive Discussion explanation for the decreased residence in the C 1 states by the PP mutant channels. That the activation rates from The findings presented in this report have several-fold significance. We have demonstrated that classical micro-( Figure 6A ) and the entry rates into ( Figure 8B , inset) the C 1 states were altered by PP mutation further supports bial selection can be fruitfully applied to structure-function studies of ion channels. Using microbial selection we have this conclusion. Although it cannot be determined here whether the PP region is the 'gate' of Ykc1, i.e. the region isolated Ykc1 mutants of functional consequence via their ability to block yeast proliferation. Despite the possibility of the protein which actually occludes the deactivated channel pore, it can be concluded that the PP region is of isolating a plethora of functional defects using such a general screen, only mutants which were defective in a particularly important in determining stability of the closed C 1 conformation relative to the O/C 2 conformation. Thus channels relative to the closed state. Recently Liu et al. (1997) presented evidence for residues on the cytoplasmic the PP region appears to be important in the gating of Ykc1. There is evidence that the PP region is the receptor side of M6 of the Drosophilla Shaker K ϩ channel being intimately involved with gating of that channel. Given the for a 'ball-and-chain' type inactivating particle in Na ϩ channels (McPhee et al., 1995) . It is unlikely that the PP extensive phylogenic divergence between fungi, insects and mammals, our results may suggest the existence of a region functions as such in Ykc1, since mutations in the 'ball' domain itself should have been isolated here.
conserved primordial gating function for the PP region of V and CNG cation channels. Whereas comprehensive conservation of topological C 1 states gating may not be exclusively determined by the PP region structure is clear among V and CNG channels, no comprehensive conservation of primary amino acid sequence is The six growth blocking Ykc1 alleles isolated all occur in the PP regions of Ykc1: two residues in the first PP apparent. Conservation of structure and function in lieu of primary amino acid sequence conservation has been region, T322 and S330, and a single residue in the second PP region, V456. All six mutations occur within a 10 observed among other types of proteins, such as hemecontaining globins, which have similar crystal structures amino acid window relative to the aligned P regions ( Figure 2B ). Even if this window is doubled to 20 amino yet sometimes bear no obvious primary sequence homology (Creighton, 1993) . It is certainly tenable that intrinsic acids, the chance of this happening randomly is Ͻ1 in 1 000 000. Multiple independent isolations of the T322I gating could be one of the functions driving the topological conservation among V and CNG channels. and S330F mutations indicate that the screen is near saturation and therefore few other mutable residues are expected to cause growth blockage. There are, though, Microbial selection in future studies of ion two caveats which prevent the conclusion that the PP channels domain is the only region which is involved in C 1
In this report we have used yeast as a tool to show us states gating.
which HA-mutable residues of Ykc1 are important in The first is that the screening criteria used, complete affecting those functions which block proliferation when blockage of proliferation, may preclude isolation of less incorrectly regulated. Here we focused on drawing correlsevere C 1 states mutants. It is unlikely that more severe ations between the structural and electrophysiological C 1 states mutants would not have been isolated, since properties of the Ykc1 molecule. The basis of growth Ykc1-301, which almost completely lacks functioning C 1 blockage and the cell physiological role of wild-type Ykc1 states ( Figure 7B ), was recovered. The second caveat is are important and are being investigated (C.L.Fairman, that the mutagen used, HA, primarily causes GC→TA X.-L.Zhou, R.Hoffman and C.Kung, in preparation). transitions. This results in 42.5% of the amino acids of
We have shown that microbial selection of non-targeted Ykc1 being immutable and limits the range of substitutions mutants is indeed a powerful tool for correlating such among the HA-mutable amino acids. This does not mean functions preserved in domain structure but not obviously that 42.5% of the Ykc1 protein was not surveyed. We so in amino acid sequence. Without the guidance of presume that functional domains of Ykc1 comprise conserved sequence, choosing appropriate residues to site multiple, not single, amino acids. Assuming a random specifically mutate is difficult. A second advantage of distribution of immutable sites, the probability of a funcselecting randomly generated mutants is that the entire tional domain being HA-immutable should be 0.43n, molecule is easily surveyed. By tailoring the screening where n is the number of amino acids required for function method employed, looking for mutations which cause of the domain. Although these caveats do not weaken the less severe disruption of growth or those which induce conclusion that the PP region is clearly important in C 1 sensitivity to growth under particular ionic conditions, it states gating, they do raise the possibility that other regions should be possible to isolate mutants which induce subtler are also potentially involved. It is clear, however, that the alterations of the C 1 states or other conserved functions random mutagenesis employed here facilitates a much of Ykc1. more comprehensive survey of the Ykc1 protein than a targeted approach would have.
Materials and methods

Evidence of conserved gating function in the PP
Strains and media
The budding yeast S.cerevisiae strain αku8 (MATa, , which was There is evidence for conserved gating function in the PP exclusively used in these experiments, has been described previously region among V and CNG cation channels. Whereas (Zhou et al., 1995) . Cells were cultured either in standard rich yeast binding sites on the exterior side of the pore are accessible growth medium YEPD (Sherman, 1991) , standard defined medium containing glucose as a carbon source (SD; Sherman, 1991) or SG, in to externally applied TEA regardless of whether the which the glucose in SD was replaced by an equal weight of galactose.
channel is open or closed, binding sites on the cytoplasmic side of the channel pore are accessible to internally applied
Mutagenesis and mutant isolation
TEA only when the channel is in an open state (Armstrong, Mutant alleles of YKC1 were generated by mutagenizing the plasmid 1971; Stanfield, 1983) , placing the channel gate on the pGALYKC1 (Zhou et al., 1995) in vitro with HA by the methods described by Lee et al. (1995) . The extent of mutagenesis was monitored cytoplasmic side of the channel pore. Gordon and Zagotta by transforming mutated plasmids into a pyrf Amp s bacterial strain (1995) found that the binding of Ni 2ϩ to histidine residues (MH1066) which relies on the plasmid-borne URA3 gene product for in the PP region of CNG channels affected gating, growth in the absence of exogenous uracil (Sikorski and Boeke, 1991 (Zhou et al., 1995) (Schreibmayer et al., 1994) . Data were filtered at 1 kHz at the point of Gustin,M.C., Zhou,X.L., Martinac,B. and Kung,C. (1988) A mechanoacquisition without capacitive neutralization or leak subtraction. For sensitive ion channel in the yeast plasma membrane. Science, 242, recording rapid activation from the C 2 form (Figure 4) , pipettes with 762-765. bores of~25 μm were used, data were filtered at 50 kHz, amplifier gain Ketchum,K.A., Joiner,W.J., Sellers,A.J., Kaczmarek,L.K. and Goldstein, was set at its maximal level and stabilization was set to the minimal S.A. (1995) A new family of outwardly rectifying potassium channel level which prevented 'ringing' (generally a phase lag of ഛ20 μs).
proteins with two pore domains in tandem. Nature, 376, 690-695. During all two electrode voltage clamp recording, V m was simultaneously Lee,H.C., Toung,Y.P., Tu,Y.S. and Tu,C.P. (1995) A molecular genetic measured from the non-current-injecting electrode to verify that it approach for the identification of essential residues in human reached the specified command potential.
glutathione S-transferase function in Escherichia coli. J. Biol. Chem., 270, 99-109.
Patch-clamp recording
Lesage,F., Guillemare,E., Fink,M., Duprat,F., Lazdunski,M., Romey,G. For patch-clamp recording, the vitelline membrane was removed. This and Barhanin,J. (1996) A pH-sensitive yeast outward rectifier K ϩ was achieved by a modification of standard protocols (Goldin and channel with two pore domains and novel gating properties. J. Biol. Sumikawa, 1992), squeezing and rolling oocytes with upwardly bent Chem., 271, 4183-4187. forceps in fresh Petri plates (which adhere to the membrane) containing Lesage,F., Lauritzen,I., Duprat,F., Reyes,R., Fink,M., Heurteaux,C. and 200 mM potassium glutamate, 20 mM KCl, 1 mM MgCl 2 , 5 mM EGTA, Lazdunski,M. (1997) The structure, function and distribution of the 10 mM HEPES, pH 7.4, until the membrane ruptured and the demouse TWIK-1 K ϩ channel. FEBS Lett., 402, 28-32. vitellinized oocyte squeezed out. Currents were recorded using an EPC7
Liman,E.R., Tytgat,J. and Hess,P. (1992) Subunit stoichiometry of a patch-clamp amplifier (List Medical Systems), filtered with a Bessel mammalian K ϩ channel determined by construction of multimeric 8-pole filter at 1 kHz, digitized at 10 kHz and analyzed using pCLAMP cDNAs. Neuron, 9, 861-871. 
